Background Patient-specific instrumentation in TKA has the proposed benefits of improving coronal and sagittal alignment and rotation of the components. In contrast, the literature is inconsistent if the use of patient-specific instrumentation improves alignment in comparison to conventional instrumentation. Depending on the manufacturer, patient-specific instrumentation is based on either MRI or CT scans. However, it is unknown whether one patient-specific instrumentation approach is more accurate than the other and if there is a potential benefit in terms of reduction of duration of surgery. Questions/purposes We compared the accuracy of MRIand CT-based patient-specific instrumentation with conventional instrumentation and with each other in TKAs. The three approaches also were compared with respect to validated outcomes scores and duration of surgery. Methods A randomized clinical trial was conducted in which 90 patients were enrolled and divided into three groups: CT-based, MRI-based patient-specific instrumentation, and conventional instrumentation. The groups were not different regarding age, male/female sex distribution, and BMI. In all groups, coronal and sagittal alignments were measured on postoperative standing long-leg and lateral radiographs. Component rotation was measured on CT scans. Clinical outcomes (Knee Society and WOMAC scores) were evaluated preoperatively and at a mean of 3 months postoperatively and the duration of surgery was analyzed for each patient. MRI-and CT-based patientspecific instrumentation groups were first compared with conventional instrumentation, the patient-specific instrumentation groups were compared with each other, and all three approaches were compared for clinical outcome measures and duration of surgery. Results Compared with conventional instrumentation MRI-and CT-based patient-specific instrumentation showed higher accuracy regarding the coronal limb axis
Introduction
Restoration of a neutral mechanical axis is one aspect of a TKA that contributes to increased survivorship [25, 29, 43, 51] . Although some have noted that a neutral postoperative mechanical alignment defined as a dichotomous variable is not predictive of survivorship, the gold standard remains neutral postoperative mechanical alignment [7, 25, 39] . Although ideal sagittal alignment is mostly unknown [32] , there is evidence that rotational malalignment should be avoided [4] . Innovations including navigation and patientspecific instrumentation have been introduced to theoretically improve the accuracy of alignment obtained with conventional instrumentation [11, 14, 35, 40] . The evaluation of navigation has shown that, although it is possible to improve accuracy in the coronal plane [12, 23, 40] , it is not as effective in improving accuracy of rotation or tibial slope [11, 12, 17, 31] .
In contrast, patient-specific instrumentation is reported to improve accuracy in multiple planes owing to three-dimensional planning with either MRI or CT [1, 34] . The method of image acquisition, and thus preoperative planning, is different between the two techniques, and little has been published regarding whether one technique is more accurate than the other [8, 15] . While there have been studies comparing patient-specific instrumentation with conventional instrumentation the published results are not consistent and most focus on coronal alignment [2, 10, 14, 27, [35] [36] [37] . There are only a few studies looking at sagittal alignment [10, 15, 24, 27, 39] and even fewer looking at rotational alignment [27, 39] .
We therefore determined whether (1) MRI-or CT-based patient-specific instrumentation provided greater accuracy of implant positioning compared with conventional instrumentation, (2) there was a difference in accuracy between MRI-and CT-based patient-specific instrumentation, (3) there were any differences in validated clinical outcomes scores (Knee Society and WOMAC), and (4) there were any differences in the duration of the surgery among the three approaches.
Patients and Methods
A randomized clinical trial was performed in which patients were included if they had a diagnosis of primary osteoarthritis, no previous open knee procedures, an extension deficit less than 20°, and coronal deformity less than 15°. In addition, only patients willing to undergo preoperative CT or MRI and wait 6 weeks for the procedure were included. Patients were excluded if they had any metal near the knee that could have interfered with the imaging. Our institution's ethics committee approved the study, and informed consent was obtained from all patients. One hundred twenty-six patients with end-stage osteoarthritis were offered enrollment in this study. One hundred three met the inclusion criteria. Thirteen of these patients declined waiting 6 weeks for surgery.
All 90 patients (90 knees) undergoing cemented, posterior-stabilized TKAs were randomized to one of three groups: CT-based patient-specific instrumentation (n = 30), MRIbased patient-specific instrumentation (n = 30), and conventional instrumentation (n = 30) ( Fig. 1 ). After inclusion no patients were lost to followup, and complete datasets were obtained for all patients. An independent participant (KW) completed the randomization process and sealed envelopes were used. All operations were performed by a senior surgeon (HH) who had completed greater than 1000 primary TKAs and greater than 50 patient-specific instrumentation TKAs.
The study sample comprised 39 men and 51 women, with a mean age of 64 years (range, 54-74 years) and a mean BMI of 30 kg/m 2 (range, 23-35 kg/m 2 ) ( Table 1) . The groups were similar regarding age, sex, and BMI. Mean followup was 3 months (range, 2.3-4.0 months).
Groups and Implants
Thirty CT-based patient-specific cutting blocks were generated (TruMatch 1 ; DePuy Orthopaedics, Warsaw, IN, USA) and used with the intended Sigma 1 Press Fit Condylar (PFC 1 ) High Performance (HP) prosthesis (DePuy) ( Table 2 ). The 30 MRI-based patient-specific cutting blocks were created with the aid of standing long-leg radiographs (Visionaire 1 ; Smith & Nephew, Inc, Memphis, TN, USA). These blocks were used with the compliant Journey 1 Bicruciate Substituting (BCS) implant (Smith & Nephew) . The 30 patients who underwent conventional instrumentation received the Journey 1 BCS system.
To minimize an effect of the specific design in the selected implants, both were similar regarding being a multiradius femoral component, fully cemented, cruciate substituting design with a fixed bearing and without patellar resurfacing. The basic difference was that the Journey BCS design is bicruciate substituting design while the PFC Sigma is a posterior stabilizing design. The duration of surgery was defined as the time between skin incision and end of skin closure and was documented for each patient. Planning of the implant position in each group was done in the frontal plane perpendicular to the mechanical femoral and tibial axes. In addition, rotation of the femoral component was set parallel to the surgical transepicondylar axis, and the posterior tibial slope was set to 3°, following the manufacturers' implant-specific recommendations. All plans in the patient-specific instrumentation groups were specifically reviewed, modified, and approved by the surgeon before use. In the conventional instrumentation group, planning was performed with digital templating software (Medicad, HECTEC GmbH; Landshut, Germany). If the planned size of the implant had to be changed intraoperatively, this was documented for each patient.
Standard instrumentation was used, with an extramedullary tibial guide and intramedullary femoral rod. The angle between the mechanical and anatomic femoral axes was adapted individually from the planning. In the conventional instrumentation group, preoperative planning and intraoperative resection were done perpendicular to the mechanical femoral and tibial axes.
Other than the different implants and instrumentation, all three groups received the same perioperative course. In particular, patients had a multimodal pain anesthesia regimen that included general anesthesia with peripheral nerve blocks. No tourniquets were used in any surgeries, and all patients received a drain. Venous thromboembolism prophylaxis was provided with low-molecular-weight heparin in all patients. All patients had the identical accelerated rehabilitation program postoperatively.
Radiographic Analysis and Clinical Evaluation
Preoperative and postoperative radiographs were performed under standardized conditions [13] . The patients were in a standing upright position with their backside to the cassette and with equally distributed weightbearing. The tibial tubercle was positioned straight forward implicating that the sagittal flexion axis was set parallel to the x-ray beam [13] . The x-ray beam was centered to the joint line level [52] . Criteria for correct rotation of the radiograph were central patellar tracking, coverage of the fibular head by the tibia ( 2 .
3; 1
.
3), and position of the upper ankle and foot on imaging [20, 42] .
Additionally preoperative lateral radiographs were completed for all patients [42] . In the patient-specific instrumentation groups, CT or MRI was completed in accordance with the manufacturers' protocol. Postoperatively, radiographic analysis included a standing long-leg radiograph, a lateral knee radiograph, and a CT scan to measure rotation of the components [3] . All measurements on conventional radiographs were performed with the standard digital picture archiving and communication system used at the institution (Centricity Enterprise TM , Web 3.0, GE Healthcare Pty Ltd, Piscataway, NJ, USA). The following axes were determined: the coronal mechanical limb alignment was measured as an angle between two lines; the line connecting the center of the hip and the knee and the line connecting the center of the knee and the upper ankle. Coronal femoral implant alignment was measured between the mechanical femoral axis and the tangent of the distal femoral condyles. Determination of the coronal tibial implant position was performed by analyzing the angle between the mechanical tibial axis and the tangent at the implant-bone interface of the tibia. Sagittal tibial alignment was measured on long cassette lateral radiographs as the angle between the anterior tibial cortex and the tangent of the implant's inferior surface. The CT scan was used to determine rotational alignment of the femoral component in relation to the surgical transepicondylar axis on axial views. The radiologic measurements (radiographs and CT) were performed by an experienced investigator (TP) blinded to the patients' allocation consistent with a previous report [49] .
The clinical outcomes of all patients were recorded in a standardized manner using the Knee Society pain score, Knee Society functional score, and the WOMAC score, preoperatively and at a mean of 3 months (range, 2.3-4.0 months) postoperatively [5, 21] .
Statistical Analysis
To compare the coronal, sagittal, and axial alignment measurements among the three groups, we used a nonparametric approach, as described by others [45, 49] . The actual measurements were obtained for all groups and the deviation from the planned measurement was compared among groups. The data are presented as median and ranges. Significant differences among groups were evaluated by a one way ANOVA (Kruskal-Wallis test) and for comparison of proportions (Fisher's exact test). Dunn's nonparametric comparison was performed for post hoc testing. An a priori power analysis was performed to calculate the sample size. Based on a power of 0.80 (1 À b) with a = 0.05 to detect a difference in deviation from a target of 1°using a one way ANOVA in three equal groups, a total required sample size of 63 was identified. To account for possible dropouts during the study, a total sample size of 90 was assumed appropriate. We used SPSS 1 software (Version 19; IBM Corp; Somers, NY, USA) for statistical analyses. The level of significance was set with an alpha of 0.05.
Results

Radiographic Differences
Patients with MRI-and CT-based patient-specific instrumentation showed significantly less deviation in coronal mechanical limb alignment compared with patients with conventional instrumentation, although the differences were small (MRI versus conventional, 1.0°[range, 0°-4°] versus 4.5°[range, 0°-8°], p \ 0.001; CT versus conventional, 3.0°[range, 0°-5°] versus 4.5°[range, 0°-8°], p = 0.02) (Fig. 2) . Looking at the rate of outliers greater than 3°, patient-specific instrumentation showed fewer outliers in comparison to conventional instrumentation (Table 3) . Compared with conventional instrumentation, both patient-specific instrumentation groups showed greater accuracy for the mechanical femoral axis (MRI versus conventional, 1.0°[range, 0°-2.5°] versus 2.7°[ range, 1°-6°], p \ 0.001; CT versus conventional, 1.0°[ range, 0°-2.5°] versus 2.7°[range, 1°-6°], p \ 0.001), and mechanical tibial axis (MRI versus conventional, 1.0°[ range, 0°-1.5°] versus 3.0°[range, 1°-6°], p \ 0.001; CT versus conventional, 1.0°[range, 0°-2°] versus 3.0°[range, 1°-6°], p \ 0.001).
For the rate of outliers greater than 3°, there was no difference between patient-specific instrumentation and conventional instrumentation for alignment of the femoral component (Table 3 ). Both patient-specific instrumentation groups showed smaller deviations in postoperative femoral rotation from the surgical transepicondylar axis (MRI versus conventional, 1.0°[range, 0°-2°] versus 4.0°[range, 1°-7°], p \ 0.001; CT versus conventional, 1.0°[range, 0°-2°] versus 4.0°[range, 1°-7°], p \ 0.001) and in posterior tibial slope from 3°compared with conventional instrumentation (MRI versus conventional, 1.0°[range, 0°-2°] versus 3.5°[range, 1°-7°], p \ 0.001; CT versus conventional, 1.0°[range, 0°-2°] versus 3.5°[range, 1°-7°], p \ 0.001) ( Table 4 ). Again effect sizes were small. Taking 3°as a cutoff for femoral rotation, patient-specific instrumentation showed a decrease of outliers whereas there was no difference for tibial slope (Table 3 ).
Radiographic Differences Between MRI-and CT-based Patient-specific Instrumentation
The comparison between patient-specific instrumentation groups for alignment showed only small differences. MRIbased patient-specific instrumentation had a smaller deviation from the plan in postoperative coronal mechanical limb alignment compared with CT-based patient-specific instrumentation (MRI versus CT, 1.0°[range, 0°-4°] versus 3.0°[range, 0°-5°], p = 0.03) ( Table 5) , and a decrease in outliers greater than 3°(MRI versus CT, 2/30 [7%] versus 9/30 [30%], odds ratio [OR], 0.16, 95% CI, 0.03-0.85, p = 0.04). The MRI-and CT-based patientspecific instrumentation groups did not differ regarding mechanical femoral or tibial axis. No differences were found between the patient-specific instrumentation groups regarding deviations in postoperative femoral rotation from the surgical transepicondylar axis and in posterior tibial slope from 3°.
Clinical Outcomes
A comparison of the Knee Society pain, Knee Society function, and WOMAC scores among the groups showed no differences preoperatively or at the mean followup of 3 months postoperatively ( Table 1) .
Duration of Surgery
The duration of surgery decreased in both patient-specific instrumentation groups compared with the conventional instrumentation group (MRI versus conventional, 58 minutes [range, 53-67 minutes] versus 76 minutes [range, 57-83 minutes], p \ 0.001; CT versus conventional, 63 minutes [range, 59-69 minutes] versus 76 minutes [range, 57-83 minutes], p \ 0.001) and in both patientspecific instrumentation groups (MRI versus CT, 58 minutes [range, 53-67 minutes] versus 63 minutes [range, 59-69 minutes], p \ 0.001). The planned size of the implant had to be changed intraoperatively at the femur in 17% of the MRI-based patient-specific instrumentation group, in 20% of the CT-based patient-specific instrumentation group, and in 47% of the conventional instrumentation group. At the tibial component, an intraoperative change of the planned size was necessary in 17% of MRI-based patient-specific instrumentation, 30% of CTbased patient-specific instrumentation, and 40% of conventional instrumentation.
Discussion
Although some studies have investigated the cost, time, and radiographic parameters associated with the use of patient-specific instrumentation, little attention has been given to the various technologies used to actually acquire the preoperative images [16, 50] . The goals of the current randomized clinical trial were to determine whether MRIor CT-based patient-specific instrumentation had improved accuracy relative to conventional instrumentation regarding postoperative alignment, there was a difference in accuracy between MRI-and CT-based patient-specific instrumentation, there were any differences in clinical outcomes as judged by Knee Society and WOMAC scores, and duration of surgery with the three approaches. We found that although the alignment was more precise using MRI-and CT-based patient-specific instrumentation compared with conventional instrumentation, the differences were small, not associated with any early postoperative improvements in validated outcomes scores, and likely of little clinical importance. Given that the increased costs of patient-specific instrumentation implants with only slight reduction in duration of surgery and the paucity of data pertaining to the long-term performance of the relatively new implant designs used in this study, we do not believe that patient-specific instrumentation should be widely used without additional investigation.
This study has limitations. Foremost, as no company currently manufactures CT-and MRI-based patient-specific instrumentation, TKA prostheses and their associated surgical instrumentations were used from two different manufacturers. As such, differences in findings may be biased by differences in the two manufacturer's designs, as opposed to patient-specific instrumentation techniques. Second, the followup is short at mean of 3 months. However, the goals of the study were to investigate immediate postoperative alignment and early postoperative outcome. Patient-specific instrumentation is advocated to be less invasive owing to the intact femoral medullary canal [16, 27] . In the case of fast-track rehabilitation protocols early postoperative outcome might be of interest. However, no conclusions regarding long-term outcomes can be made with these data. Third, we did not complete interclass or intraclass reliability assessments in those who interpreted the postoperative long-leg radiographs. This is similar to another study [49] . However, the investigator (TP) who completed the measurements is an experienced knee surgeon who has performed more than 1000 TKAs and more than 500 postoperative radiologic alignment measurements in TKA. Finally, in consideration of the experience of the surgeon and because only small differences were found, the findings are not generalizable for daily practice of most knee surgeons.
In this investigation, we found that MRI-and CT-based patient-specific instrumentation were more accurate in comparison to conventional instrumentation in achieving the planned position in all three planes, although the differences were small. However, the rate of outliers greater than 3°representing more clinical effect also was reduced in both patient-specific instrumentation groups in all three planes. Although this has been shown in several studies for coronal alignment [10, 15, 27] , numerous studies have shown no difference in postoperative coronal alignment between patient-specific instrumentation and conventional instrumentation [2, 24, 26, 37, 49] . Less information is available regarding sagittal and rotational alignment [10, 18, 38, 46] . Although the accuracy of achieving the planned rotation was similar between the MRI-and CT-based patient-specific instrumentation groups in our study, accuracy was improved for both patient-specific instrumentation approaches compared with the conventional instrumentation group. Similarly, Heyse and Tibesku [18] reported improved femoral component rotation with MRI-based patient-specific instrumentation, while Silva et al. [46] found improved tibial component rotation with MRI-based patient-specific instrumentation. However, Parratte et al. [39] found that postoperative rotation is not improved with the use of patient-specific instrumentation. In their randomized clinical trial, they found no improvement in postoperative rotation of femoral or tibial components when MRI-based patient-specific instrumentation was used. These inconsistent results may be caused by two major issues with patient-specific instrumentation. First, image rendering of the three-dimensional model is performed by every patient-specific instrumentation manufacturer in its specific way which may influence the accuracy and increase the differences depending on the used algorithm. Additionally, in most cases the planning is outsourced to an engineer and not performed by the surgeon, which also is a potential source of error. Second, precision of the device is highly dependent on intraoperative accuracy. For these reasons, the surgeon has to be very experienced and accurate in preparing the surfaces and soft tissues for the fit of the patient-specific instrumentation. Otherwise inaccuracies caused by the surgeon and not by the patient-specific instrumentation may occur [48] . Together with the small differences of the alignment measurements, these errors may substantially affect the results.
More uniquely, we found that MRI-based patient-specific instrumentation is more accurate than CT-based patient-specific instrumentation regarding the postoperative mechanical axis. However, differences were small and there were no differences in individual component coronal, sagittal, or rotational alignments. Accordingly, the rate of outliers greater than 3°for mechanical limb alignment was reduced in the MRI group. To our knowledge, there is only one other study that has compared MRI-and CT-based patient-specific instrumentation [15] . In their randomized clinical trial, Ensini et al. [15] compared 25 MRI-based patient-specific instrumentation TKAs with 25 CT-based patient-specific instrumentation TKAs. They found no difference in coronal alignment but MRI-based patient-specific instrumentation was more accurate achieving the planned femoral sagittal position. However, in their study, only postoperative long-leg radiographs were obtained. As such, component rotation could not be analyzed. It is likely that the MRI-based technique provides improved imaging of the cartilage surfaces [6, 9, 22, 44, 47] . Based on the cartilage surface estimated by the surgeon with CT-based patient-specific instrumentation, deviations from the real joint surface are possible, which can result in a poorer fit. Looking at a more economic view point, costs for MRI were USD 438 compared with USD 253 for CT at our institution. Until there is no relevant clinical difference in outcome, this might affect decision making.
Additionally, individual femoral or tibial component alignment was not different between MRI-based and CTbased patient-specific instrumentation. In case of these small individual differences only summation of femoral and tibial deviation might show a significant difference between the groups. Another major issue of patient-specific instrumentation is that it does not take soft tissues into consideration during planning, with subsequent gap imbalance on postoperative standing radiographs.
Third, we found no differences in short-term clinical outcomes (Knee Society score or WOMAC score) among the three groups. There was distinct improvement in all patients after TKA, therefore differences between the groups are difficult to determine with our data. The lack of improvement in early clinical outcomes with patientspecific instrumentation is in accordance with other minimally invasive techniques combined with navigation [19, 28, 41] . Similar to our findings, Pietsch et al. [41] conducted a randomized clinical trial of 80 patients divided into conventional instrumentation and patient-specific instrumentation groups and found no difference in the Knee Society score at 3 months. This implies that the proposed less invasive use of patient-specific instrumentation does not show substantial benefits for patients and therefore should not be recommended in general.
This also raises the question if mechanical alignment outside 3°influences function and survival. Although studies have shown no difference in outcome and survival with malalignment greater than 3° [30, 39] , until there are more long-term studies a neutral mechanical axis remains the gold standard.
Finally, the duration of surgery in our study was reduced when using patient-specific instrumentation in comparison to conventional instrumentation. This is consistent with other studies which also found a reduction in duration of surgery, owing to more time-efficient positioning and sizing during surgery [16, 27, 36, 37, 48] . We also found a shorter duration of surgery in the MRI-based patient-specific instrumentation group compared with the CT-based patient-specific instrumentation group. To our knowledge, this was not investigated in previous studies. During surgery we found that appropriate placement of MRI-based patient-specific instrumentation took less time compared with CT-based patient-specific instrumentation. This might contribute to the shorter duration of surgery with MRIbased patient-specific instrumentation. Additionally the need to change the planned size intraoperatively was greater in the conventional group in comparison to both patient-specific instrumentation groups. This also might lengthen the duration of surgery, but differences were small and of questionable relevance.
Differences between patient-specific instrumentation and conventional instrumentation regarding alignment were statistically identifiable but small and therefore of questionable clinical importance. There were no differences in short-term clinical outcome and only a small decrease in the duration of surgery. Taking the unproven proposed benefits of patient-specific instrumentation, the increased costs and planning, and the risk associated with relatively new implants into consideration, patient-specific instrumentation should not be widely used.
